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ABSTRACT 
This paper reports the influence of nano-TiO2 given to alteration of the microstructure of hardened 
cement pastes with drying process. Cement pastes containing 3% nano-TiO2 (in addition outside split) 
by mass of cement were prepared. In hydration process, nano-TiO2 was delayed a long-term hydration 
of belite (C2S), and suppressed the production of Ca(OH)2. In drying process, the TiO2 added paste 
shrunk larger than non-added paste. It was suggested that this phenomenon may be due to a decrease 
in Ca(OH)2 production by the addition of nano-TiO2. 
Keywords: TiO2 nanoparticle, calcium silicate hydroxide, calcium hydroxide, hydration, drying 
shrinkage strain, X ray diffraction 

 
 
1. INTRODUCTION 
 

Titanium dioxide (TiO2) is relatively cheap and 
chemically stable, and widely used as a photocatalyst. 
Also, nanoparticles having a diameter of 1 ~ 100nm is 
simply not only small in size, physical and chemical 
properties are significantly different than the particle 
size with several hundred nanometer or more [1]. With 
the development of nanotechnology in construction and 
building materials, TiO2 nanoparticles have been used 
as admixture for concrete in last decades. 

Recently, some investigation revealed that the 
influences of nano-TiO2 are not only the depollution 
and self-cleaning performance, but also the 
improvement of the inherent properties of the hardened 
cement pastes [2-6]. Chen et al. [2] investigated the 
effects of blending nano-TiO2 into cement pastes and 
mortars on the hydration and properties of the hydrated 
cement pastes. Through their experimental studies, the 
addition of nano-TiO2 powders significantly accelerated 
the hydration rate and promoted the hydration degree of 
the cementitious materials at early ages. Further, during 
the hydration process, nano-TiO2 was inert and stable, 
so TiO2 was confirmed to be a non-reactive fine filler 
that acted as potential nucleation sites for the 
accumulation of hydration products. Also, the total 
porosity of TiO2 blended pastes was decreased and pore 
volume mainly decreased within the capillary pore 
range. It is suggested that the addition of TiO2 affects 
the change in microstructure. Feng et al. [3] revealed 
that, by the admixing of nano-TiO2 into cement, 
modification of microstructures in nano-scale increased 
the amount of cementitious phase in the paste, 
decreased the micro-porosity and amount of internal 
micro-cracks and defects, formed a denser 
microstructure, and led to the formation of 

needle-shaped nanoprecipitates. 
     In addition, the admixing of nano-TiO2 into 
cement enhances the compressive strength and the 
flexural strength [2-5]. This is due to more formation of 
hydration products and denser microstructure in 
presence of nano-TiO2. 
     On the contrary, research on the influence of the 
shrinkage behavior of cement paste or concrete by the 
addition of nano-TiO2 is scare. Hasebe and Edahiro [7] 
measured drying shrinkage strain of concrete which 
was mixed nano-TiO2 at various substitutions 
proportions, the specimens mixed with nano-TiO2 tend 
to shrink overall larger than that of non-miscible. 
Experimental study on the addition of nano-TiO2 on 
hardened alkali-activated slag paste shows reduction of 
the shrinkage [4]. Other study on the effect of TiO2 on 
the shrinkage behavior, for example [8], is conducted in 
the range of up to age of 28 days and includes the 
effects of the autogenous shrinkage.  
     Based on our literature survey, previous studies 
have focused on the effect of the hydration process and 
we concluded that little research on the impact of 
microstructure in mature paste especially for the first 
drying process has been conducted and such research is 
needed for application. 
     The aim of this paper is to elucidate the influence 
of nano-TiO2 on the microstructure of hardened cement 
pastes under the first drying process. Reference samples 
(plain) and cement/TiO2 composite samples containing 
3% nano-TiO2 (by extra-addition) by mass of cement 
were prepared. After the almost fully hydration 
obtained after curing condition with wet condition for 6 
months, length change isotherms for samples dried 
under different relative humidity, sorption isotherms, 
X-ray diffraction measurements (XRD) and Rietveld 
analysis were conducted. 
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a minimum resolution of 0.0025 μm, and a contact load 
of 0.098 N.  The samples were incrementally dried 
from saturated state to 10% RH, after which they were 
incrementally re-humidified back up to 90% RH. All 
the processes were conducted at 20 ± 0.1ºC. For each 
step the RH of the flowing atmosphere was kept 
constant for at 5 hours. 
(3) Short-term sorption isotherm 
     In this experiment, the specimens of W55-Plain 
and W55-TiO2 were measured. The data are controlled 
by using thermogravimetry analyzer coupled with the 
RH generator (TG-DTA 2000SA and HC9700, Bruker 
AXS). For measuring short-term sorption isotherms, 
powdery samples were prepared by grinding the 
saturated hcp specimens. Just before the experiment, 
the samples were re-saturated with water for several 
min and then placed in the equipment. The experiment 
was started after samples achieved water saturated 
condition. The target RH values for the samples were 
90, 80, 60, 40, 20, 10%, after 10% RH, the samples 
were incrementally re-humidified back up to 90% RH. 
All the processes were conducted at 20 ± 0.1ºC. For 
each step the RH of the flowing atmosphere was kept 
constant for at 5 hours. In parallel with this experiment, 
representative powder samples (ca 20 mg) from the 
powdered cement pastes were heated at 105ºC under 
nitrogen gas flow to obtain the saturated water content. 
This process was conducted by 
thermogravimetry/differential thermal analyzer 
(TG-DTA, Bruker AXS, TG-DTA 2010 SA). 
 
3. RESULTS AND DISCUSSIONS 
 

Figure 2 presents the degrees of hydration of the 
minerals in hcp after lime-saturated water curing of 6 
months. The degree of hydration of aluminate phases 
was 100% of all specimens with every parameter. For 
the hydration rate of alite, the paste containing 
nano-TiO2 powder showed slightly smaller value. On 
the contrary, the degree of hydration of belite was 
largely reduced by the addition of nano-TiO2 regardless 
of the water-cement ratio. Chen et al. [2] reported that 
the addition of TiO2 nanoparticles accelerate the 
hydration degree of the cementitious materials at early 
hydration stages. However, from this experimental data, 
in terms of long-term hydration, the addition of 
nano-TiO2 was suggested to stagnate the hydration, 
especially in the case of belite. 

Figure 3 shows the amount of calcium hydroxide 
(Ca(OH)2) and calcium silicate hydrate (C-S-H) in hcp 
after 6 months curing, calculated from the Rietveld 
analysis. Consistently for each water-cement ratio, 
hydration amount of Ca(OH)2 and C-S-H tended to 
decrease by the addition of nano-TiO2 particle. 

In previous studies, Chen et al. [2] have pointed 
out that TiO2 is inert and stable during the cement 
hydration process, and has no pozzolanic reactivity. 
Additionally, the direct reaction of Ca(OH)2 and TiO2 to 
form CaTiO3 generally occurs only at temperature over 
1000 K [3]. He and Shi observed the nanoparticles 
modified mortar specimens with a field emission 
scanning electron microscope (FESEM), and reported 

that Ca(OH)2 plate crystals were much less identifiable 
than no-admixed sample [10]. It has been suggested 
that the addition of TiO2 affects reducing the size of its 
plate crystals. Further, they summarized the 
mechanisms responsible for the effect of nanoparticles 
on the impermeability of mortars as follow: (1) working 
as nanosized fillers and lead to a denser and less 
permeable microstructure, (2) acting as a nucleus to 
guide the formation and growth of cement hydration 
products, (3) promoting the formation of high density 
C-S-H structures via parallel packing. Acting as a 
nucleus affects also inhibiting the growth of Ca(OH)2 
crystals [10]. 

In contradiction to the existing research about 
hydration process and formation of microstructure, 
present experimental results exhibited that nano-TiO2 
particle stagnated the reaction of belite, and also 
depressed the precipitation of Ca(OH)2 in cement paste. 
This might be through the solution-precipitation 
mechanism in pore solution and Ca(OH)2 [11,12,13], 
but further investigation is needed for clarification. 

Figure 4 shows length change isotherms 
obtained from SLCI experiments. Also, water sorption 

Fig. 2 Degrees of hydration of the alite, belite, 
and aluminate phases. Samples were cured at 

6 months underwater. 
 

Fig. 3 The mass ratio of Ca(OH)2 and C-S-H of 
White Portland cement paste determined by 

powder XRD and Rietveld analysis.  
The sample was cured at 11% RH. The amount 

of externally-added nano-TiO2 powder is 
included in the mass of anhydrous hcp. 
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isotherms obtained from short-term sorption isotherm 
experiments are presented in Fig. 5. 

In Fig. 4, drying shrinkage strain of W55-TiO2 
was larger than that of W55-Plain. Process from the 
saturated state (100% RH) to 10% RH in Fig. 4 
represents the first desorption process of hcp. The 
shrinkage of hcp during the first desorption process is 
normally accompanied by microstructural changes [14]. 
But the shrinkage strain of SLCI is less affected by the 
microstructural changes caused by a short drying time, 
while some impact of C-S-H colloidal alteration under 
the first desorption process is inevitable [15]. The 
difference of the shrinkage strain between W55-Plain 
and W55-TiO2 is considered to be divided into 2 stages 
in Fig. 4. First stage, from saturated state to 40% RH, 
the difference of them became larger as the gradually 
dried. Second, from 40% to 10% RH, and 
re-humidified process, the difference was 
approximately equivalent to the value of 40% RH for 
desorption process. Therefore, the impact on the drying 
shrinkage of TiO2 addition is shown in the range from 
100% RH to 40% RH.  

In Fig. 5, saturated water content of W55-Plain 
and W55-TiO2 were almost the same, but water content 
of W55-Plain was always smaller than that of 
W55-TiO2 through the desorption process and the 
re-adsorption process. The difference of water content 
between W55-Plain and W55-TiO2 became larger from 
100% to 40% RH. In the process below 40% RH, this 
difference was generally the same except for the values 
of 90% RH in the re-humidified process. 

Figure 6 shows the shrinkage strain – water 
content relationship of W55-Plain and W55-TiO2, and 
is what integrates of the results of Fig. 4 and Fig. 5. In 
Fig. 6, W55-TiO2 was a tendency shrinkage strain 
increases, even large water content as compared to 
W55-Plain.  

From a view of hypothesis that system containing 
nano-TiO2 particles tend not to precipitated the 
Ca(OH)2 and this mechanism is active even in the first 
desorption process, increase in the drying shrinkage 
from 100% RH to 40% RH can be explained. Because 
the precipitation of Ca(OH)2 is simultaneously 
accompanied under the evaporation of pore solution 
under the first desorption, and this precipitated 
Ca(OH)2 should restrain the C-S-H colloidal shrinkage 
behavior [16]. 

It should be noted that the range from 100% RH 
to 40% RH is corresponding to the region in which 
colloidal feature of C-S-H is observed [14] and the 
irreversible shrinkage is produced here [15]. Therefore, 
the balance of C-S-H and poltlandite might be key 
parameter for the shrinkage behavior in this range. 

 Table 3 summrise the mass ratio of Ca(OH)2 to 
C-S-H represented in Fig. 3, the ratio of Ca(OH)2 and 
C-S-H (Ca(OH)2 / C-S-H ratio) and the shrinkage strain 
of W55-Plain and W55-TiO2 from 100% to 40% RH in 
the first drying process shown in Fig. 4. In Table 3, it 
is cleared that W55-Plain contains more C-S-H and 
Ca(OH)2, and is larger Ca(OH)2 / C-S-H ratio, in 
comparison with W55-TiO2. This mechanism is very 
active in the 100% RH to 40% RH and the first 

desorption process. Therefore, the precipitated Ca(OH)2 
under this region is deduced to have an impact to 
restrain the agglomeration of C-S-H as colloidal 
materials. From this aspect, the size of portlandite 
might be important as well. It has been reported that the 
size of portlandite crystals become smaller by the 
addition of TiO2 nanoparticles [10], therefore, the 
change in size of portlandite is another possible 
mechanism to mitigate the colloidal agglomeration of 
C-S-H. 

To clarify the impact of TiO2 on the shrinkage 

Fig. 4 Length-change isotherms of W55-Plain 
and W55-TiO2 

 

Fig. 5 Sorption isotherms of W55-Plain and 
W55-TiO2 

The amount of externally-added nano-TiO2 
powder is included in the mass of dried hcp. 

 

Fig. 6 Shrinkage strain – water content 
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behavior, FE-SEM observation, additional short-term 
length change isotherm of W40-TiO2 and W40-Plain, 
and impact of density of nano-TiO2 particles on the 
mechanical properties are needed. 
 
4. CONCLUSIONS 
 

The influence of the addition of nano-TiO2 
particles on shrinkage behavior of hardened cement 
paste is investigated through comparison of the 
reference white cement paste with that containing 
additional 3 mass% to cement of nano-TiO2 particles.  

The followings are newly obtained by the 
experiment: 
      
(1) In matured state (ca 6 month under the room 

temperature curing with lime-saturated water), the 
addition of nano-TiO2 retarded the belite (C2S) 
reaction.  

(2) In the hydration process, the addition of nano- 
TiO2 depress the precipitation of portlandite. 

(3) Short-term sorption isotherms showed water 
content of cement paste containing nano-TiO2 
particles is larger than that of reference paste 
through the first drying process and the 
re-adsorption process.  

(4) Short-term length change isotherms showed that 
the drying shrinkage strain of nano-TiO2 added 
cement paste is larger than that of reference paste. 
Especially, from 100% to 40% RH in the first 
drying process, the shrinkage of cement paste 
containing nano-TiO2 particles is increased 
significantly. This phenomenon can be explained 
by the reduction of precipitation of portlandite, 
which has a role to restrain the colloidal 
agglomeration of C-S-H under the first desorption 
process.  
 

ACKNOWLEDGEMENT 
 

A part of the present experiments are sponsored 
by JSPS KAKENHI Grant Number 26630254. 
Experiment using FE-SEM was conducted in Nagoya 
University, supported by Nanotechnology Platform 
Program (Molecule and Material Synthesis) of the 
Ministry of Education, Culture, Sports, Science and 
Technology (MEXT), Japan. 
 

REFERENCES 
 
[1] H. Kamiya, M. Iijima, “Dispersion Behavior 

Control of Nanoparticles and its Applications,” 
Pulverization, No. 55, 2012, pp. 12-18. 

[2]  Jun Chen, Shi-cong Kou and Chi-sun Poon, 
“Hydration and properties of nano-TiO2 blended 
cement composites,” Cement and Concrete 
Composites, Vol. 34, 2012, pp. 642-649. 

[3] Decheng Feng et al., “Portland Cement Paste 
Modified by TiO2 Nanoparticles: A Microstructure 
Perspective,” Industrial and Enginnering 
Chemistry Research, ACS, Vol. 52, 2013, pp. 
11575-11582. 

[4] L. Y. Yang et al., “Effects of nano-TiO2 on 
strength, shrinkage and microstructure of alkali 
activated slag pastes,” Cement and Concrete 
Composites, Vol. 57, 2015, pp. 1-7. 

[5] Ali Nazari and Shadi Riahi, “The effect of TiO2 
nanoparticles on water permeability and thermal 
and mechanical properties of high strength 
self-compacting concrete,” Materials Science and 
Engineering A, Vol. 528, 2010, pp. 756-763. 

[6] Gerrit Land and Dietmar Stephan, “Comtrolling 
cement hydration with nanoparticles,” Cement and 
Concrete Composites, Vol. 57, 2015, pp. 64-67. 

[7] M. Hasebe and H. Edahiro, “EXPERIMENTAL 
STUDIES ON STRENGTH, DULABILITY AND 
ANTIFOULING PROPERTIES OF CONCRETE 
USING TiO2 AS ADMIXTURE,” Cement Science 
and Concrete Technology, Vol. 67, 2014, pp. 
507-513. 

[8] Rui Zhang et al., “Infkuences of nano-TiO2 on the 
properties of cement-based materials: Hydration 
and drying shrinkage,” Construction and Building 
Materials, Vol. 81, Apr. 2015, pp. 35-41. 

[9] I. Maruyama and G. Igarashi, “Cement reaction 
and resultant physical properties of cement paste,” 
Journal of Advanced Concrete Technology, Vol. 
12, No. 6, 2014, pp. 200-213. 

[10] Xiaodong He and Xianming Shi, “Chloride 
Permeability and Microstructure of Portland 
Cement Mortars Incorporating Nanomaterials,” 
Transportation Research Record: Journal of the 
Transportation Research Board, No. 2070, 2008, 
pp. 13-21. 

[11] Ellis M. Gartner, Hamlin M. Jennings, 
“Thermodynamics of Calcium Silicate Hydrates 
and Their Solutions,” Journal of the American 
Ceramic Society, Vol. 70, No. 10, 1987, pp. 
743-749. 

[12] D. Damidot and A. Nonat, “C3S hydration in 
diluted and stirred suspensions: (I) study of the 
two kinetic steps,” Advances in Cement Research, 

Table 3 Ca(OH)2 / C-S-H ratio and shrinkage strain of from saturated state to 40% RH 
 in the first drying process 

Parameter C-S-H Ca(OH)2 
Ca(OH)2 / C-S-H 

ratio 
Shrinkage strain 
(from 100% to 40% RH) 

(g/g-dried hcp) (g/g-dried hcp) (-) (μ) 
W55-Plain 0.654 ± 0.022 0.169 ± 0.009 0.259 4678 
W55-TiO2 0.633 ± 0.014 0.142 ± 0.003 0.224 5616 
W40-Plain 0.601 ± 0.037 0.154 ± 0.008 0.257 - 
W40-TiO2 0.588 ± 0.039 0.140 ± 0.006 0.237 - 

 

-223-



Vol. 6, No. 21, 1994, pp.27-35. 
[13] Pierre Barret and Danielle Bertrandie, 

“FUNDAMENTAL HYDRATION KINETIC 
FEATURES OF THE MAJOR CEMENT 
CONSTITUENTS:Ca3SiO5 AND βCa2SiO4,” 
Journal de chimie physique, Vol. 83, No. 11/12, 
1986, pp. 765-775. 

[14] I. Maruyama et al., “Microstructural and bulk 
property changes in hardened cement paste during 
first drying process,” Cement and Concrete 
Research, Vol. 58, 2014, pp. 20-34. 

[15] I. Maruyama, G. Igarashi and Y. Nishioka, 
“Bimodal behavior of C-S-H interpreted from 
short-term length change and water vaper sorption 
isotherms of hardened cement paste,” Cement and 
Concrete Research, Vol. 73, 2015, pp. 158-168. 

[16] M. Jensen and P. F. Hansen, “Autogenous 
deformation and change of the relative humidity 
in silica fume-modified cement paste,” ACI 
Materials Jounral, Vol. 96,  no. 3, 1996, pp. 
539-543. 

 
 

-224-




